Abstract-We conducted a genome-wide association study to identify novel genes influencing diastolic blood pressure (BP) response to hydrochlorothiazide, a commonly prescribed thiazide diuretic preferred for the treatment of high BP. Affymetrix GeneChip Human Mapping 100K Arrays were used to measure single nucleotide polymorphisms across the 22 autosomes in 194 non-Hispanic black subjects and 195 non-Hispanic white subjects with essential hypertension selected from opposite tertiles of the race-and sex-specific distributions of age-adjusted diastolic BP response to hydrochlorothiazide (25 mg daily, PO, for 4 weeks). The black sample consisted of 97 "good" responders (diastolic BP response [meanϮSD]ϭϪ18.3Ϯ4.2 mm Hg; ageϭ47.1Ϯ6.1 years; 51.5% women) and 97 "poor" responders (diastolic BP responseϭϪ0.18Ϯ4.3; ageϭ47.4Ϯ6.5 years; 51.5% women). Haplotype trend regression identified a region of chromosome 12q15 in which haplotypes constructed from 3 successive single nucleotide polymorphisms (rs317689, rs315135, and rs7297610) in proximity to lysozyme (LYZ), YEATS domain containing 4 (YEATS4), and fibroblast growth receptor substrate 2 (FRS2) were significantly associated with diastolic BP response (nominal Pϭ2.39ϫ10
D
espite the availability of multiple antihypertensive drugs, acting on a variety of blood pressure (BP)-regulating systems, Ͻ40% of treated patients achieve BP control. 1 For agents from each class of antihypertensive drugs, BP responses vary among patients, with SDs of responses as large as mean responses, and ranges of responses several times greater than mean responses. 2 This variation appears to be the result of pharmacodynamic differences in drug action rather than pharmacokinetic differences in drug levels and likely reflects the heterogeneity of pathophysiologic mechanisms contributing to hypertension. 3 Knowledge of genetic variants that influence BP responses has the potential to improve on the customary trial-and-error approach to antihypertensive therapy. 4 Thiazide diuretics are recommended as initial and preferred therapy in most patients, 5 but when used as monotherapy, BP is controlled in only Ϸ50% of patients. 6 Established predictors of greater BP responses to diuretics include black race, older age, and lower activity of the renin-angiotensin-aldosterone system. 7 Measurements of polymorphisms in candidate genes encoding components of the renin-angiotensin-aldosterone system or the renal sodium transport systems targeted by diuretics have been reported to improve the ability to predict antihypertensive responses. 8, 9 However, after all of the identified predictors were considered in statistical models, the majority of interindividual variation in BP responses remained unexplained. 8 To advance beyond the limitations of assessing only polymorphisms in known or suspected candidate genes, we have undertaken a large-scale genomic association study to identify novel genes influencing antihypertensive drug responses.
Methods
Phenotypic data and biological samples were collected as part of the Genetic Epidemiology of Responses to Antihypertensives Study conducted between 1997 and 2002. 10 The initial objective was to determine whether polymorphisms in candidate genes encoding components of the renin-angiotensin-aldosterone system were predictive of the BP response to the thiazide diuretic, hydrochlorothiazide, in hypertensive non-Hispanic black subjects from Atlanta (nϭ300) and non-Hispanic white subjects from Rochester (nϭ300). A standardized study protocol was conducted in the Centers for Transitional Science Activities of Emory University and the Mayo Clinic, in which volunteers 30.0 to 59.9 years of age were instructed to adhere to a standard dietary sodium intake (1 mmol/kg of body weight) and to discontinue previous antihypertensive medications for Ն4 weeks. Once stable elevation of the BP was achieved, a standard dose of hydrochlorothiazide (25 mg/d) was administered orally for 4 weeks. At the end of the drug-free and drug-treatment periods, 3 readings of BP were made by a trained assistant using a random 0 sphygmomanometer after the participant had been seated quietly for Ն5 minutes. The difference between averages of the second and third diastolic BP readings taken before and after hydrochlorothiazide was calculated as the primary measure of drug response. 10 To maximize statistical power, a case-control study was designed to contrast good responders (case subjects) with poor responders (control subjects) sampled from opposite tertiles of the distribution of diastolic BP response. Diastolic rather than systolic BP was used to categorize response, because it was the primary measure used to qualify subjects and measure responses to drug therapy in the parent study. 10 Before selecting the contrasting groups, the race-and gender-specific distributions of diastolic BP response were adjusted to remove variation attributable to differences in age and pretreatment level of BP, which were found previously to be predictors of BP response to hydrochlorothiazide. 10 Within each race and gender stratum, the 50 "best" and 50 "poorest" responders were selected from opposite tertiles of the respective distributions of adjusted diastolic BP response. Separate analyses were planned for each racial group because of anticipated differences in allele frequencies and previous indications of racial differences in predictors of antihypertensive drug responses. 10, 11 
Genotyping
Genomic DNA samples were available from 194 of the black subjects and 195 of the white subjects selected as described above and were genotyped between February 2004 and December 2005 using the GeneChip Human Mapping 100K Array Set, following laboratory protocols recommended by the manufacturer (Affymetrix). Genotyping calls were made by the Dynamic Modeling algorithm 12 using a confidence score threshold of 0.25 to filter out potentially erroneous calls as "no-calls." Analysis of 20 blind duplicate samples from 10 non-Hispanic black subjects and 10 non-Hispanic white subjects indicated a between-assay agreement in genotype calls of 99.7% when averaged over all of the single nucleotide polymorphisms (SNPs).
In a region of chromosome 12q15 identified in non-Hispanic black subjects (see Results section), 35 SNPs were selected for follow-up genotyping within the genes encoding lysozyme (LYZ), YEATS domain containing 4 (YEATS4), and fibroblast growth receptor substrate 2 (FRS2). The SNP selection was designed to provide a high likelihood of capturing a large percentage of common DNA sequence variation across each gene in both racial groups by virtue of tagging blocks of linkage disequilibrium defined by pairwise SNP r 2 values at Ն0.8 within the blocks. 13 The SNP selection process was completed for each race group separately, and the union of the 2 sets of race-specific tag SNPs was genotyped in both races. For each selected SNP, the relative frequency of the rarer allele was reported to be Ͼ0.05 in the HapMap database for Caucasians or the Perlegen database for African Americans. 14, 15 The tag SNPs were genotyped using the MassARRAY System (Sequenom), which uses PCR amplification followed by an allele-specific ligation reaction, matrix-assisted laser desorption ionization-time-of-flight allele detection, and genotype calling with proprietary software. The sequences of all of the primers and probes are available from the authors on request.
Statistical Analyses
Of the 116 201 SNPs on the Affymetrix GeneChip Human Mapping 100K array set, the number of SNPs suitable for statistical analysis was reduced to 102 334 in black subjects (88.0% of total) and to 95 221 in white subjects (81.9% of total) by the exclusion of SNPs for the following reasons (in order): on the X chromosome (nϭ2363; 2.0%), monomorphic (in black subjects, nϭ884, 0.8%; in white subjects, nϭ7577, 6.5%), minor allele frequency Ͻ2% (in black subjects, nϭ6235, 5.4%; in white subjects, nϭ7707, 6.6%), relative frequency of no call Ͼ20% across samples (in black subjects, nϭ1273, 1.1%; in white subjects, nϭ1151, 1.0%), and deviation from Hardy-Weinberg equilibrium at PϽ0.001 (in black subjects, nϭ3102, 2.7%; in white subjects, nϭ2182, 1.9%). Before the pharmacogenomic analyses, we evaluated the black and white samples for evidence of population substructure that might lead to spurious associations. 16 Applying the principal component approach implemented in the EIGENSTRAT program to a randomly selected set of 10 000 SNPs from across the genome, we identified no statistically significant evidence of population stratification within either racial group (analyses not shown).
The primary analytic approach to identify pharmacogenomic loci influencing BP response to hydrochlorothiazide was based on analysis of multi-SNP haplotypes rather than single SNP associations. Haplotype trend regression analyses were conducted using HelixTree Genetics Analysis Software version 4.3.0 (Golden Helix), which fits a logistic regression model for categorical outcomes (eg, good versus poor BP response) or a linear regression model for quantitative or ordinal outcomes, and uses a likelihood ratio test for statistical significance. 17 The ambiguity of haplotype phase is incorporated into the analysis through use of the posterior probability that a subject has a particular haplotype, as estimated with the expectation-maximization algorithm described by Excoffier and Slatkin. 18 For the primary genome-wide analyses, a sliding window of 3 SNPs was used to construct haplotypes and to test for genetic associations with the diastolic BP response category. For the follow-up analyses, comparable analyses of the 3-SNP haplotype sliding windows were conducted using the tag SNPs measured in each positional candidate gene (see Results section), as well as "genecentric" haplotype analyses that used all of the tag SNPs measured in each gene.
To estimate the experiment-wise error for the 3-SNP haplotype associations tested in the primary genome-wide scans, permutation testing was performed by permuting the dependent variable the designated number of times and rerunning the genome-wide haplotype trend regression analysis for each permutation. To compare haplotype frequencies between good and poor responders, we used the score test implemented in the HaploScore program, which addresses limitations resulting from the ambiguity of haplotypes because of the unknown linkage phase of SNPs measured along a chromosome. 19 To assess additional evidence to corroborate statistically significant results from the primary haplotype trend regression analysis, we first identified a combination of the tag SNPs, selected as described above, and used it to derive an optimal prediction of diastolic BP response category in the "training sample" data set consisting of categorical diastolic BP response in the 194 black good and poor responders. In lieu of another, separate (ie, replicate) sample from the same population, this prediction model was applied to a statistically independent quantitative measure of residual variation in diastolic BP response in the parent sample of all 291 of the non-Hispanic black subjects, the independence of which was achieved by subtracting off the mean adjusted diastolic BP response of the subgroup to which each subject belonged (good, "intermediate," or poor). A 1-degree-of-freedom test of haplotype association with BP response was constructed by using the vector of haplotype effect estimates, ␤ 0 , from the training data set to derive a linear combination of the expected haplotype effects in the test sample. Specifically, the T statistic:
was calculated, where ␤ 0 and ␤ 1 are the haplotype parameter vector estimates in the training and test samples, respectively, and V 1 is the parameter estimate covariance matrix for the test sample. 19 Under the null hypothesis of no haplotype effects, T has an approximately standard normal distribution, uninfluenced by the use of the training sample. When the 2 parameter vectors are proportional, T takes on the value of the square root of the F statistic for the test sample but is subject to only 1 degree of freedom. Furthermore, only the positive tail of the distribution is relevant, and, therefore, a 1-sided test of statistical significance was applied. For validation in an independent test data set from the white subjects, race specific gene-centric haplotype analyses were applied to the quantitative measure of diastolic BP response in all 294 of the white subjects using a global F test for significance of the association between haplotype variation and BP response. Because of differences in haplotype structure between the races, this approach was preferred over the 1-degree-of-freedom test described above, which was based on application of an optimal model of haplotype effects estimated in the 194 black good and poor responders.
Results
The 194 black and 195 white subjects were, by design, nearly equally divided between good and poor responders and, within each response group, between men and women (Table 1) . Also consistent with the sampling design, the good and poor responders differed in mean diastolic BP response (ϮSD) after adjustment for age and baseline diastolic BP (in black subjects: Ϫ18.3Ϯ4.2 versus Ϫ0.2Ϯ4.3 mm Hg, PϽ0.0001; in white subjects: Ϫ13.6Ϯ3.1 versus 1.20Ϯ4.4, PϽ0.0001). In both racial groups, the good and poor responders did not differ significantly in mean age, previous treatment with antihypertensive medications, weight, body mass index, baseline diastolic BP, or baseline 24-hour urinary excretion of sodium. However, the poor responders to diuretic therapy had significantly greater mean 24-hour urinary excretion of aldosterone. Among black subjects but not white subjects, poor responders also had significantly greater mean duration of diagnosed hypertension, waist circumference, baseline systolic BP, plasma renin activity, serum aldosterone, and increase in 24-hour urinary excretion of sodium and lower mean serum potassium than the good responders (Table 1) .
In black subjects, haplotype trend logistic regression across the 22 autosomes, using a 3-SNP haplotype sliding window, identified a region of chromosome 12q15, defined by haplotypes constructed from rs317689, rs315135, and rs7297610, that was most significantly associated with diastolic BP 
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response category and yielded the smallest nominal P value genome wide (Pϭ2.39ϫ10 Ϫ7 ; Figure 1 ). This P value was 74 times smaller than the next most significantly associated 3-SNP haplotype in black subjects (on chromosome 7q21.3: Pϭ1.77ϫ10 Ϫ5 ) and 24 times smaller than the most significantly associated 3-SNP haplotype in white subjects (on chromosome 8p11.22: Pϭ5.80ϫ10 Ϫ6 ; analyses not shown). After Bonferroni correction for the number of haplotype trend regression tests performed, only the chromosome 12q15 haplotypes remained significantly associated with adjusted diastolic BP response category in black subjects (ie, Pϭ0.023, corrected for 94 924 haplotype trend regression tests in black subjects). The experiment-wise P value of the observed association, based on 1120 genome-wide permutation tests, was 0.040 (upper 95% confidence limit: 0.051). A score test of differences in haplotype frequencies 19 between good and poor responders indicated that the ATC haplotype on chromosome 12q15 was significantly more frequent among black good responders (Pϭ0.0002), whereas the ACT and the ATT haplotypes were significantly more frequent among black poor responders (Pϭ0.0018 and Pϭ0.0219, respectively; Table 2 ), suggesting that the third SNP, rs7297610 (T3 C), may contribute the most to the observed association. This inference is also supported by the observation that rs7297610 had the most statistically significant single-site P value of the 3 SNPs (Pϭ0.00036; Figure 1) .
To localize or "fine map" the DNA sequence variation within genes in the chromosome 12q15 region that may account for association with diastolic BP response, we genotyped 35 SNPs selected to tag linkage disequilibrium blocks within the genes closest to the 3 Affymetrix SNPs (Figure 2) , namely, LYZ, located downstream of the first SNP (rs317689); YEATS4, in which the second SNP (rs315135) is located; and FRS2, located downstream of the third SNP (rs7297610) (Figure 2) . In black subjects, all 35 of the sites were polymorphic. Among the original 194 black good and poor responders, haplotype trend logistic regression analyses using a 3-SNP sliding window within each gene indicated that variation in YEATS4 was most significantly associated with diastolic BP response category (Pϭ0.0124 for haplotype constructed with rs635720, rs12371475, and rs17106480). This was also supported by results of genecentric analyses of haplotypes constructed from all of the SNPs within in each gene, wherein variation in YEATS4 remained more significantly associated with diastolic BP response category (Pϭ0.063) than variation in LYZ (Pϭ0.108) or FRS2 (PϾ0.5; analyses not shown).
Because the genecentric haplotype analyses described above implicated variation in LYZ and YEATS4 more strongly than in FRS2, further assessments of the genetic association between the chromosome 12q15 region and measures of diastolic BP response were limited to analyses of haplotypes constructed from the 11 tag SNPs in LYZ and YEATS4. In the statistically independent test data set derived from all 291 of the non-Hispanic black subjects, a 1-degree-of-freedom test of the 11-SNP haplotypes of LYZϩYEATS4, which provided optimal prediction of diastolic BP response category in the "training sample" of 194 black good and poor responders, yielded a 1-sided P value of 0.024 for association with the quantitative measure of residual variation in diastolic BP response (after subtracting off the group mean for the response category to which each subject belonged). In an independent data set consisting of all 294 of the non-Hispanic white subjects, a global F test of the 5-SNP haplotypes of LYZ yielded a P value of 0.039 for association with the quantitative measure of diastolic BP response.
Discussion
In contrast to candidate gene studies, which test a priori hypotheses that variation in particular genes influences a phenotype of interest, whole genome scans represent a fundamentally different, entirely "data-driven" approach to identifying novel pharmacogenetic loci and, as such, are unbiased by pre-existing knowledge regarding the location or identity of genes influencing drug response. We compared the good and poor responders to hydrochlorothiazide at Ͼ100 000 SNPs located across the 22 autosomes. Phenotypically distinct groups were sampled from opposite tertiles of the distribution of diastolic BP responses, because BP response is not measured without error, 20 to reduce misclassification and thereby increase the power to detect genetic associations. Although the 100 000 SNP arrays represent only a small fraction of all of the polymorphisms described in the human genome, we assembled the measured SNPs into longer combinations of blocks of coinherited sequences, ie, haplotypes, constructed from successive 3-SNP windows, so that variation across larger regions spanning the 22 autosomes could be analyzed for associations with the categorical 
Turner et al Thiazide Pharmacogenomics 5
difference in BP response. In the primary genome scans, which were conducted in each race separately because of expected differences in haplotype frequencies, variation in only 1 region on chromosome 12q15 emerged to be significantly associated with BP response in black subjects after controlling for multiple testing. Follow-up haplotype analyses of 35 tag SNPs in the 3 genes in the region appeared to exclude FRS2 and to favor YEATS4 over LYZ as positional candidate genes to influence BP response to hydrochlorothiazide. Because many candidate gene polymorphisms initially reported to be associated with common, complex disorders, such as hypertension, were not confirmed in subsequent studies, such reports may be "false-positives" or a reflection of small, context-dependent genetic effects. 21, 22 Replication of a positive genetic association in another sample from the same population protects against false-positives that may elude statistical controls, whereas validation in a sample from a different population supports generalizability of the observed association, ie, it is not unique to the context of the original study. In our fine mapping analyses of genes in the chromosome 12q15 region, variation in YEATS4 appeared to be most strongly associated with response category in the primary sample of 194 black good and poor responders. However, consideration of variation in both LYZ and YEATS4 was required to provide corroborating evidence of an association between variation in genes from this region with a statistically independent measure of diastolic BP response derived for the parent sample of all 291 of the black subjects. Moreover, consideration of haplotype variation limited to LYZ was required for validation of an association in an independent data set derived from all 294 of the white subjects. In lieu of a replicate sample and because these additional analyses suggest that variation in YEATS4 alone is unlikely to account for the observed associations with BP response, additional confirmation of the associations in other independent samples is indicated before attempting to identify functional sites within Ն1 gene in the region.
Although genome scans have an undisputed advantage over candidate gene studies in providing an unbiased approach to identify novel genes influencing a phenotype of interest, interpretation of what appear to be novel "truepositive" discoveries based on statistical evidence can be more challenging than when variation in a particular gene or protein product is already known or suspected to influence the phenotype. For the positional candidate genes in the chromosome 12q15 region, we addressed this challenge by applying a modification of the Gene Set Enrichment Analysis method 23 (please see the data supplement available online at http://hyper.ahajournals.org), which allowed us to leverage additional information from the 100 000 SNP arrays and take advantage of previously determined sets of genes known to be functionally or otherwise biologically interrelated. This approach was used to score 29 "gene loci sets" extracted from the Molecular Signature Database provided with the Gene Set Enrichment Analysis software, consisting of SNPs in genes related to LYZ, YEATS4, or FRS2. 23 Of the 29 sets evaluated, only the "aging kidney up" set appeared to be associated with BP response to hydrochlorothiazide in white subjects. The aging kidney up gene set was so named because increasing age was associated with upregulation of the gene expression in normal human kidney tissue. 24 This finding is intriguing insofar as the target of hydrochlorothiazide (ie, the sodiumchloride cotransporter) is located in the kidney (ie, luminal membrane of distal convoluted tubular cells), and greater BP response to thiazide diuretics has been associated with older age. 6 However, the aging kidney up gene set was considered for this analysis because it contains FRS2, the gene from the chromosome 12q15 region for which evidence of association with BP response was weakest, and evidence of association of the aging kidney up genes, in aggregate, with BP response, was not observed in black subjects, the group in which evidence of the chromosome 12q15 association with BP response was strongest. Results of this exploratory analysis may be consistent with a multilocus effect of aging kidney up genes on drug response in white subjects but a single locus effect in black subjects, limited to the chromosome 12q15 region. Additional investigation is warranted to further support this hypothesis and to elucidate the biological mechanism that may underlie the observed associations with BP response to hydrochlorothiazide.
The present study has several limitations. First, heritability of antihypertensive drug responses has not been established in biometrical analyses of family based samples and may only be modest in magnitude, similar to that of BP level (ie, Х0.3). Moreover, the genetic contribution to antihypertensive response to the thiazide diuretic may be polygenic (ie, many genes with small effects), also similar to BP level. Reliable detection of such a small genetic effect may require larger sample sizes. Second, the convenience advantage of office measurements of BP, as performed in the present study, may be counterbalanced by greater error variability than ambulatory or home recordings. Third, the hydrochlorothiazide dosage was based on clinical practice guidelines and may not have been sufficient to overcome pharmacokinetic differences contributing to interindividual differences in drug response. Fourth, the follow-up genotyping of the chromosome 12q15 region was limited to tag SNPs within LYZ, YEATS4, and FRS2 and did not consider possible contributions of variation within intergenic regions.
Perspectives
Initial pharmacogenetic studies have associated several candidate gene polymorphisms with BP responses to a variety of antihypertensive drugs; however, none of the reported associations has yet been confirmed in subsequent studies. Because the phenotypic effects of reported pharmacogenetic associations appear to be either too small or too rare to be useful in routine clinical practice, current guidelines for the treatment of hypertension do not recommend genetic measurements. Results of this study provide an initial demonstration of the challenges and promises of genome-wide association analyses to localize novel genes influencing BP response to commonly prescribed antihypertensive medications.
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